for the Studying the Treatment of Acute Hypertension Investigators Background-Little is known about the association of kidney dysfunction and outcome in acute severe hypertension. This study aimed to measure the association between baseline chronic kidney disease (estimated glomerular filtration rate), acute kidney injury (AKI, decrease in estimated glomerular filtration rate Ն25% from baseline) and outcome in patients hospitalized with acute severe hypertension. Methods and Results-The Studying the Treatment of Acute Hypertension (STAT) registry enrolled patients with acute severe hypertension, defined as Ն1 blood pressure measurement Ͼ180 mm Hg systolic and/or Ͼ110 mm Hg diastolic and treated with intravenous antihypertensive therapy. Data were compared across groups categorized by admission estimated glomerular filtration rate and AKI during admission. On admission, 79% of the cohort (nϭ1566) had at least mild chronic kidney disease (estimated glomerular filtration rate Ͻ60 mL/min in 46%, Ͻ30 mL/min in 22%). Chronic kidney disease patients were more likely to develop heart failure (PϽ0.0001), non-ST-elevation myocardial infarction (Pϭ0.003), and AKI (PϽ0.007). AKI patients were at greater risk of heart failure and cardiac arrest (PՅ0.0001 for both). Subjects with AKI experienced higher mortality at 90 days (Pϭ0.003). Any acute loss of estimated glomerular filtration rate during hospitalization was independently associated with an increased risk of death (odds ratio, 1.05; Pϭ0.03 per 10-mL/min decline). Other independent predictors of mortality included increasing age (PϽ0.0001), male gender (Pϭ0.016), white versus black race (Pϭ0.003), and worse baseline kidney function (Pϭ0.003). Conclusions-Chronic kidney disease is a common comorbidity among patients admitted with acute severe hypertension, and AKI is a frequent form of acute target organ dysfunction, particularly in those with baseline chronic kidney disease. Any degree of AKI is associated with a greater risk of morbidity and mortality. (Circulation. 2010;121:2183-2191.)
This analysis is based on data from the Studying the Treatment of Acute Hypertension (STAT) registry, which enrolled patients admitted to hospital for acute severe hypertension. The study was undertaken to define the risk among patients with acute severe hypertension and AKI and the risk associated with both AKI and CKD on cardiovascular outcomes and mortality.
Methods
STAT is a US, hospital-based, retrospective observational study of the routine management practices and outcomes of patients with acute severe hypertension managed in the emergency or critical care settings (a setting with the capability of providing intravenous antihypertensive administration and arterial line blood pressure [BP] monitoring) and treated with intravenous antihypertensive therapy. Consecutive adults admitted with at least 1 BP measurement Ͼ180 mm Hg systolic and/or Ͼ110 mm Hg diastolic or Ͼ140/ Ͼ90 mm Hg in patients with subarachnoid hemorrhage who were administered at least 2 antihypertensive boluses or were placed on continuous infusion therapy within 24 hours of hospitalization at 1 of 25 centers were enrolled. Antihypertensives included diltiazem, enalapril, esmolol, fenoldopam, hydralazine, labetalol, metoprolol, nicardipine, nitroglycerin, phentolamine, sodium nitroprusside, and verapamil. Exclusion criteria included hypertension therapy in the perioperative setting or during the peripartum period, therapy delayed Ͼ24 hours after hospitalization, nonintravenous administration of antihypertensive drugs, and patients receiving "comfort care measures" only.
Data on demographics, medical history, admitting information, in-hospital management, 90-day outcomes (readmission, death, and recurrent severe hypertension), and death up to 6 months after the index hospitalization were collected by trained data abstractors. The Social Security Death Index was used to determine survival at 6 months after presentation to hospital with the acute hypertensive event.
This study was conducted in accordance with the Health Insurance Portability and Accountability Act of 1996, with the approval of all local institutional review boards. It was done in compliance with the regulations of participating hospitals.
Definitions of Variables
Data on serum creatinine concentrations were collected at 4 points: up to 12 months before admission (when available), at admission, at peak creatinine, and at discharge when measured and available. Estimated glomerular filtration rate (eGFR) was calculated for each available serum creatinine measure with the Modification of Diet in Renal Disease formula. 8 For each patient, baseline kidney function was categorized according to the National Kidney Foundation Disease Outcomes Quality Initiative clinical practice guidelines 9 of Ͼ90 mL/min (normal kidney function), 60 to 89 mL/min (mild kidney disease), 30 to 59 mL/min (moderate), Ͻ30 mL/min (severe), or dialysis dependent. The group categorized with kidney function Ͼ90 mL/min included patients with or without kidney disease based on the presence or absence of proteinuria, respectively; no attempt was made to divide this group because of the potential impact of acute severe hypertension on the appearance of proteinuria at admission.
For each patient, the relative change in GFR was calculated by subtracting the lowest recorded eGFR from the earliest available eGFR (before or on admission) and dividing that by the earliest available measure. The latter was used to minimize the impact of an admission creatinine that is already elevated by early kidney injury. Change in kidney function from baseline to nadir GFR or severity of AKI was analyzed continuously and categorically. Change in kidney function was categorized with the RIFLE criteria (risk, injury, failure, loss, end-stage renal disease) 10 based on GFR. A difference of Ͻ25% from baseline to nadir was classified as no change in kidney function. As per the RIFLE criteria, 10 risk was defined as a GFR decrease of 25% to 50%; injury was defined as a decrease of 50% to 75%; and failure and more severe categories were defined as a loss of Ͼ75% and were combined because of the limited numbers of subjects and information available on the chronicity of their kidney injury. Patients with ESRD at baseline were not classified with these criteria and were analyzed separately.
Description of Analyses Performed
Patients were categorized according to baseline eGFR initially into levels of CKD and subsequently on the basis of loss of eGFR into levels of AKI. Categorical variables are reported as frequencies.
Nominal variables were compared by use of the 2 test; dichotomous and ordinal variables were compared by use of the Mantel-Haenszel 2 test. Continuous variables are displayed as medians with 25th and 75th percentiles. To test for linear trends among continuous variables, each category of CKD was assigned its median value. A univariate linear regression on these values was then performed for each outcome; the P value for the slope is given in the tables. Similarly, each category of AKI was assigned its median value, again with a linear regression performed on these values. For continuous variables with nonnormal distributions, we performed linear trend tests on the untransformed variable and then a second time using a rank transformation (a nonparametric test that ensures that extreme values have no undue influence). In cases when results disagree, we report both results. Logistic regression was used to estimate the association between AKI and mortality risk in adjusted analyses. Candidate variables included in this model were age, gender, race, Hispanic ethnicity, diabetes mellitus, baseline eGFR, peripheral vascular disease, greatest decrement in eGFR during AKI, proteinuria, and the interaction between baseline eGFR and proteinuria.
All P values are 2 sided, and all confidence intervals are 95% intervals. Analyses were performed with SAS (version 9.1, SAS Institute Inc, Cary, NC).
Results
A total of 1566 patients were included in the STAT study between January 1, 2007, and April 6, 2008. Of these, 1542 had sufficient creatinine measurements available to evaluate the occurrence and severity of baseline CKD, and 1369 had sufficient creatinine measurements available to evaluate the occurrence and severity of AKI during the period of observation.
CKD at Baseline
Most of the patients (79%) had at least mild (stage II) CKD at baseline (Table 1) , with the incidence of mild, moderate, and severe kidney disease being 32%, 23%, and 11%, respectively. A further 11% of patients were dialysis dependent on admission. In general, patients with more severe CKD at baseline presented with higher BP and were more likely to be of black race and to have comorbidities such as cardiac disease, hypertension, diabetes mellitus, and peripheral vascular disease (all PϽ0.0001).
During hospitalization, patients with worse baseline CKD were more likely to experience complications such as acute left ventricular dysfunction (PϽ0.0001) and non-ST-segment myocardial infarction (Pϭ0.003; Table 2 ) and were less likely to experience intracranial hemorrhage (intracerebral, PϽ0.001; subarachnoid, PϽ0.0001). Subjects in each category of CKD experienced AKI; however, patients with the most severe CKD on admission were more likely to experience the greatest decrement in kidney function with AKI (Pϭ0.007).
AKI During Hospitalization
The change in kidney function for all patients was assessed relative to their own baseline value, and patients were categorized by severity of decline (Table 3 ). Of the entire cohort, 64% had a Ͻ25% decline in kidney function; 15% had an acute decline in between 25% and Ͻ50%; 4.2% developed kidney injury; and 3.6% developed renal failure.
There were few differences in baseline characteristics among subjects in the different categories of AKI. Subjects with the most severe kidney injury were slightly more likely to be of Hispanic ethnicity compared with those with lesser degrees of AKI (Pϭ0.008). Other differences included a greater proportion of subjects with diabetes mellitus, peripheral vascular disease, and CKD among those with any degree of AKI compared with patients without a change in GFR (Pϭ0.015, Pϭ0.002, and PϽ0.0001, respectively). Only patients with severe AKI had a significantly different preadmission eGFR (30.1 versus 65.9 to 73.4 mL/min; PϽ0.0001). Although the downward trend in eGFR calculated on admission was more evident based on the degree of eventual AKI (68.9, 64.2, and 54.0 mL/min for Ͻ25%, 25% to Ͻ50%, and 50% to Ͻ75%, respectively), the category of patients with the most severe degree of injury was decreased most dramatically at 15.4 mL/min. Otherwise, no differences were seen in admission BP measurements, race, or presence of other preexisting comorbid conditions. Few differences existed between types of antihypertensives taken at admission among subjects based on category of kidney injury. A greater proportion of patients with increasing severity of kidney injury received diuretics before admission (PϽ0.001). However, no differences were seen among categories of subjects with respect to the use of angiotensinconverting enzyme inhibitors or angiotensin receptor blockers. Subjects with greater severity of kidney injury were more likely to receive ␤-blockers (Pϭ0.015). With calcium channel blockers, a statistically significant difference existed among categories of patients by severity of kidney injury (Pϭ0.019); however, this difference did not appear clinically meaningful.
In general, patients who experienced greater degrees of kidney injury also had a greater risk of other end-organ injury or dysfunction (Table 4 ). This included a greater risk of acute left ventricular dysfunction and cardiac arrest (PՅ0.0001 for both). Other adverse events that were more likely among subjects with AKI included the presence of moderate to severe bleeding, recurrent severe acute hypertension, and neurological decline (PϽ0.001, Pϭ0.001, and PϽ0.0001, respectively).
With respect to treatment of the acute hypertensive episode, there were no differences among categories of subjects based on degree of kidney injury in the time to treatment with an intravenous agent or time to 10% decrease in systolic BP ( Table 4 ). The duration of intravenous therapy and number of intravenous agents, however, were significantly greater among patients with greater degrees of AKI (both PϽ0.0001). Subjects with a greater severity of AKI had a higher in-hospital mortality rate and, among those discharged, a longer length of hospitalization (PϽ0.0001 for both; Table 5 ). Patients with a greater severity of AKI experienced an increased risk of rehospitalization for renal failure (Pϭ0.001) or heart failure (Pϭ0.034). Subjects with any AKI experienced a higher risk of mortality at 90 days (Pϭ0.003; Figure 1 ). Subjects with worsening degrees of both baseline kidney function and severity of AKI experienced a greater risk of mortality at 90 days ( Figure 2 ). In the multivariable model, any acute loss of eGFR during hospitalization was independently associated with an increased risk of death (odds ratio, 1.05; Pϭ0.026 per 10-mL/min decline; Figure 3 ) when clinical and demographic factors associated with severity of AKI were controlled for. Other predictors of mortality included increasing age (PϽ0.0001), male gender (Pϭ0.02), white versus black race (Pϭ0.003), and poorer baseline kidney function (Pϭ0.002).
Discussion
In this large multicenter study of patients hospitalized with acute severe hypertension, the presence of either CKD or AKI was associated with worse outcomes, including increased length of hospitalization. Even after accounting for baseline kidney dysfunction, the presence of AKI or an acute deterioration in kidney function during hospitalization is associated with morbidity and predicts mortality. This is the first study to demonstrate that this increase in risk begins with only a subtle decline in kidney function and increases progressively with severity of AKI. Although the association with other end-organ complications likely reflects the severity of the hypertensive episode, arguably AKI may have a more mechanistic relationship to increased mortality. Importantly, because kidney function was more severely impaired at baseline, there was a greater frequency and severity of subsequent AKI during the hospitalization. Finally, except for elevated creatinine concentration on admission, there were few identifying clinical factors among patients who developed severe AKI to distinguish them from patients with no or lesser degrees of kidney injury.
Although the association between CKD and outcomes in the setting of acute systolic hypertension has not been fully defined, these results are consistent with previous studies. Lip et al 11 demonstrated that patients presenting with accelerated hypertension whose blood urea nitrogen was Ͼ10 mmol/L and serum creatinine was Ͼ200 mol/L had a worse survival. Although consistent with the results presented here, this study does not allow the separation of risk associated with CKD on presentation from that associated with AKI accompanying a hypertensive event. Lip et al 12 further characterized this population of patients with acute severe hypertension as having a prevalence of "chronic renal failure" of 31.7% on admission. Chronic renal failure in their study was defined as a creatinine concentration Ͼ2.3 mg/dL. This study, however, had the same limitation; ie, it was unable to discern whether the elevation in creatinine was due to preexisting CKD or to AKI. In the analysis presented here, Ϸ80% of patients had a calculated eGFR in a range consistent with established CKD. In addition, Ϸ34% of patients had a significant change in kidney function qualifying as at least mild AKI. Many previous studies demonstrate an increased risk of mortality among a broad spectrum of hospitalized patients who experience AKI. More recently, it has been recognized that even small reductions in kidney function are correlated with mortality. [13] [14] [15] [16] Among studies of patients with acute severe hypertension, this study provides the first description that this risk begins to increase with more subtle relative changes in GFR of between 25% and 50% of the baseline value. It is noteworthy that there were a few differences in baseline clinical parameters on admission among patients categorized by their subsequent severity of AKI. This indi- *Excludes patients with a presumptive primary admitting diagnosis of hemorrhagic stroke, subdural hematoma, or subarachnoid hemorrhage. †Excludes patients who were dialysis dependent at discharge (nϭ1 for Ͻ25%, nϭ1 for 25% to Ͻ50%, nϭ0 for 50% to Ͻ75%, and 23 for Ն75%). cates that vigilant surveillance of kidney function after admission is important to identify this higher-risk population. Furthermore, although the risk of mortality was increased, so were the risks of other significant clinical events such as acute heart failure, cardiac arrest, and bleeding episodes.
Our study has 2 important clinical implications. The first is that there appears to be a critical mass of functioning nephrons at baseline in the setting of hypertensive urgencies. This is partially reflected in the baseline eGFR compensating for any degree of organ injury or dysfunction to keep serum creatinine relatively unchanged in blood. In those with reduced eGFR at baseline, as a proxy for a reduced number of remnant nephron units, there is a likely loss of compensatory filtration in the setting of acute hypertension and hence the expression of AKI in terms of a rise in creatinine and fall in eGFR. The second is that markers of renal filtration such as creatinine are crude reflections of AKI as a disease process. Our study highlights the need for novel markers of AKI that give rapid specificity to renovascular, glomerular, and tubular injury before there is an elevation of filtered protein in the blood. 17 It is hoped that the development of these markers will lead to novel treatment strategies that not only lower BP but also result in improved renal and cardiac outcomes.
Study Limitations
The STAT registry is the largest observational cohort study to be conducted to date and provides data on a heterogeneous population of individuals presenting with acute severe hypertension. STAT is subject to certain inherent limitations and potential biases, including the collection of nonrandomized data and missing or incomplete information. Participating sites may not be representative of all US hospitals, and patients with acute hypertension likely differ by region. The study is subject to selection bias because the entry criteria required the physician to initiate intravenous antihypertensive therapy. We do not have complete information on follow-up, and we may underestimate the degree to which follow-up occurred. Although the enrollment of patients from multiple sites enhances power and generalizability compared with a single-center study, it introduces the complexities of comparison of serum creatinine measurements from multiple laboratories. Although the bias associated with this was minimized through the use of changes in kidney function relative to each individual's baseline, the effect of this misclassification bias cannot be obviated in the categorization of CKD stage and would bias any association between CKD and mortality toward the null. Additionally, the timing of the assessment of serum creatinine must also be considered. Even though all patients had a serum creatinine measurement on admission, those with elevated concentrations at that time point may reflect either the presence of preexisting CKD or the occurrence of incident AKI. To minimize the misclassification of these 2 different clinical scenarios, the earliest serum creatinine of either preadmission or admission was used as baseline. However, this does not obviate the impact of timing of changes in renal function on misclassification. Because both the Acute Kidney Injury Network and RIFLE criteria provide time frames for the changes in creatinine (48 hours and 7 days, respectively), our inability to fully define what changes occurred within those time frames likely introduced additional bias. This is compounded by the fact that a significant proportion of patients likely had CKD at baseline, and the time to comparable relative changes in creatinine among those with CKD is longer. 18 Finally, in terms of hospitalization, rehospitalizations at medical centers other than the participating sites would not be captured in this study and could potentially bias the strength of the association between AKI and rehospitalization demonstrated here toward the null.
Conclusions
This study demonstrates that an alteration in kidney function is associated with a greater risk of important outcomes, including mortality, additional end-organ injury, and increased length of stay, among patients admitted with acute severe hypertension. Thus, renal dysfunction should prompt careful monitoring of this population, and effective treatment may be especially important. Specifically, this higher-risk population who loses even small amounts of kidney function after admission is at greater risk of experiencing events such as acute left ventricular failure and cardiac arrest. However, in terms of designing directed surveillance techniques to address the risk associated with these events, other than serum creatinine on admission, there are few clues available to the clinician to identify the patients at higher risk for AKI and adverse events. Until the kidney equivalent of the cardiac troponin is available to predict on presentation the occurrence of AKI, heightened awareness of AKI is required. Along with increased surveillance of serum creatinine, knowledge of the sensitivity of creatinine at lower ranges of measurement to changes in kidney function is needed to identify patients at highest risk for these poorer outcomes. 
